ABSTRACT Tumour necrosis factor ligand and receptor superfamily (TNFSF and TNFRSF) members have diverse and well-studied functions in the immune system. Additional, nonimmunological roles, such as in the morphogenesis of bone, tooth, hair and skin have also been described for some members. GITRL and its receptor GITR are well-described as co-regulators of the mammalian immune response. Here, we describe the identification and cloning of their zebrafish homologues and demonstrate a novel role for the ligand, but not the receptor, in early vertebrate development. The assignment of zebrafish Gitrl and Gitr was supported by homology and phylogenetic analysis. The ligand exhibited an oscillating pattern of mRNA expression during the first 36 hours post fertilization, during which time gitr mRNA was not detected, and morpholino oligonucleotide-mediated knock-down of gitrl, but not of gitr, resulted in disruption of early embryogenesis, most clearly revealed during gastrulation, which corresponded to the earliest peak in gitrl mRNA expression (5.25-10 hpf). We found Stat3 signalling to be altered in the gitrl-morphants, suggesting that one possible role for Gitrl during embryogenesis may be modulation of Jak/Stat signalling.
Introduction
The TNF and TNFR superfamilies are receptor-ligand signalling molecules that regulate a variety of pathways, but have primarily been associated with the maintenance and regulation of the immune system. One of these, the glucocorticoid-induced TNF receptor (GITR), in addition to being expressed on activated effector T cells, was also highlighted in a screen for genes expressed by regulatory T cells (Zelenika et al., 2002) . Regulatory T cells engage in the suppression of activated effector T cells, including self-reactive T cells, thereby controlling the immune response and helping to prevent autoimmunity. The ligand for GITR, GITRL, is constitutively expressed on antigen presenting cells. Its expression is transiently increased in response to inflammatory stimuli, and engagement of GITR by GITRL leads to both dampening of the suppressive effects of regulatory T cells, and to co-activation of effector T cells (Tone et al., 2003) . The net effective outcome is strong activation of the immune response, and indeed, antibody-mediated stimulation of GITR can induce autoimmunity . The potential to modulate immune regulation through GITRL-GITR signalling has made this pathway an interesting candidate for study in cancer immunotherapy and in models of persistent infection.
In mice, targeted disruption of the GITR gene results in T cell hypersensitivity to CD3 activation, leading to hyperproliferation and heightened sensitivity to activation-induced cell death (Ronchetti et al., 2002) , as well as altered responses to Candida (Agostini et al., 2005) and in experimentally induced acute lung inflammation (Cuzzocrea et al., 2006) . With a specific interest in the role of GITRL in these phenomena, and anticipating an immune phenotype similar to that seen in the Gitr knockout, we generated a mouse knockout of the GITRL gene and were surprised by a strain-dependent embryonic lethal phenotype that suggested an essential role for GITRL in development (manuscript in preparation). To gain specific insight into the developmental requirements for GITRL we turned to the zebrafish system, now widely used as a complementary vertebrate model for studies in both immunology and development. A role for the TNF/TNFR families in the development of nonlymphoid tissues has precedents. Although initially highlighted for its role in the immune system, RANKL has been shown to be essential for osteoclast differentiation and bone remodelling in mice, as well as lymph-node organogenesis and the early differentiation of thymocytes and B cell precursors (Kong et al., 1999) , while in humans mutations in RANKL underlie autosomal recessive osteoclast-poor osteopetrosis (Frattini et al., 2007) . Ectodysplasin (EDA) is the only TNFSF member to date whose function remains exclusively non-immune. Mutations in EDA in mice (Tabby) affect development of the skin, hair and teeth (Ferguson et al., 1997) , and similarly in humans are causative of X-linked anhidrotic ectodermal dysplasia, a disorder characterised by sparse hair, absence of sweat glands and abnormal or missing teeth (Kere et al., 1996) .
Here we describe the identification of genes encoding homologues of mammalian GITRL and GITR in zebrafish. We have cloned the corresponding ligand and receptor transcripts and demonstrate, by differential gene expression and morpholino oligonucleotide (MO)-mediated gene knockdown, a critical role for the ligand in early embryonic development. This role is cytoplasmic tail of GITR is underlined (Ye et al., 1999) . Phylograms generated using selected (C) TNF and (D) TNFR superfamily members confirmed that the cloned zebrafish sequences cluster with mammalian homologues of GITRL and GITR respectively. The analyses were performed using nucleotide coding sequences extracted from database entries detailed in Tables 1 and 2 . Branch support based on an approximation of the standard likelihood ratio test is indicated (Dereeper et al., 2008) . Synteny information to support the assignment of species homologues was established, except for Dr_GITR, Dr_GITRL, Dr_EDA, Dr_LIGHT and Dr_FasL. Tables  1 and 2 . Transmembrane regions and the GITR signal sequence (lower case) are annotated as assigned in the Ensemble database entry for mouse and human, and as predicted using TMpred for the zebrafish sequences. The extent of the TNF family domain of GITRL and the three pseudo-cysteine rich domains of GITR are marked as their respective Ensemble and Uniprot database entries. A TRAF-2 binding consensus (P/S/A/T)x(Q/E)E conserved in the independent of the cloned Gitr sequence, but is associated with changes in Stat3 phosphorylation.
Results

Identification and cloning of homologues of GITRL and GITR in zebrafish
Exons of zebrafish gitrl and gitr were provisionally identified by homology using BLAST, and their corresponding transcripts (Zebrafish Gitrl and Gitr Genbank accession numbers, EU099310 and EU099311) amplified and cloned from adult zebrafish kidney. The translated sequences were found to share 17-22% amino acid identity with their mouse and human counterparts ( Fig. 1  A,B) , a level consistent with those previously reported for a number of other fish TNFSF members (Glenney and Wiens, 2007) . The human and mouse GITRL and GITR proteins share only 51-58% identity. The candidate gitrl cDNA was also subsequently cloned from whole zebrafish embryos to confirm that the embryonic sequence was identical to the adult.
To further establish the assignment of the newly cloned zebrafish TNF and TNF receptor superfamily members, phylogenetic analyses were performed using well-defined species homologues of a selection of ligand and receptor superfamily members, mainly selected on the basis of close homology or by virtue of their genetic locus. TNF superfamily members with well-described roles in development, RANKL and EDA, and the earliest known TNF family member, EIGER (Moreno et al., 2002) , were also included. Both the zebrafish ligand and receptor nucleotide coding sequences grouped appropriately with mammalian species homologues of GITRL and GITR respectively (Fig. 1 C,D) Gitrl, but not gitr, is expressed during the first two days of embryogenesis Using real-time PCR analysis, gitrl and gitr were both found to be transcribed in the lymphoid tissues of adult zebrafish including the kidney marrow ( Fig. 2A) . The ligand was additionally detected in non-lymphoid tissues of the ovary and brain ( Fig. 2A) . During the first 36 hours of embryonic development, the ligand exhibited a multiphasic expression pattern (Fig. 2B ). An early peak (0-2 hpf), presumably representing maternal mRNA prior to the start of zygotic transcription, dropped away rapidly. Expression reappeared during gastrulation (5.25-10 hpf), rising to a peak corresponding to the start of segmentation (10.5 hpf). From here, expression dipped as segmentation proceeded, rising again to peak during late segmentation (approx. 18 hpf) with another, lower, peak at 24 hpf (early pharyngula). This oscillating pattern of expression suggests that Gitrl may act at multiple time points during the first 36 hours of development. In contrast, gitr expres- Real-time PCR was used to assess the expression of gitrl and gitr in (A) adult zebrafish tissues and (B) at different time points during embryonic development. Gene expression was quantified using a standard curve method and is shown normalised to ef1α transcript levels and expressed relative to levels in adult kidney. Values are shown as mean ± SD of technical triplicates for an individual experiment representative of three biological replicates. In adult tissues gitr mRNA was not detected in brain or ovary. In embryos, only gitrl is shown as no gitr mRNA was detected during this period. (C) Localisation of gitrl transcripts at different time-points within developing embryos was investigated by in situ hybridization using a DIG-labelled antisense RNA probe. Distinct bands along the paraxial mesoderm can be seen at 10 hpf, with localization of expression to the head region by 26 hpf. A control embryo processed at 16 hpf in the absence of probe is shown to indicate the level of background staining and any yolk trapping. sion was undetectable during this period.
To assess localization patterns corresponding to the temporal variations described, wild-type embryos were probed for the presence of gitrl mRNA at various early developmental timepoints using whole-mount in situ hybridization. Transcription was ubiquitous during the first 8 hpf, with some concentration of expression to the germ ring during early gastrulation (data not shown). In late gastrulation and early segmentation, distinct bands of patterning were evident along the paraxial mesoderm (Fig. 2C, 10 hpf) . By late segmentation, low expression of gitrl was detectable in the anterior of the embryo, which by the midpharyngula period had localised to the head region (Fig. 2C, 26 hpf).
Expression of gitrl, but not gitr, is required during early development
The patterning of gitrl expression (Fig. 2B , C) suggested to us that it might have specific functions during embryogenesis. To explore this possibility, we used MOs to knock down gitrl expression and embryos were monitored for the emergence of morphological abnormalities. Although the presence of gitr mRNA had not been detected in the first two days post-fertilization, the possibility of very low, but functionally relevant levels of expression prompted us to test gitr MOs as well. One translation-block (zGL1, zGR1) and one splice-block (zGL2, zGR2) MO were tested for each gene. Both ligand MOs gave a similar dose-dependent mutant embryonic phenotype (Fig. 3A) , which was not observed with gitr Label in tree ( Fig.1 or control MOs, all of which resulted in apparently normal embryonic development (Fig. 3) . This is consistent with our inability to detect gitr message during this period of development. We independently demonstrated that the efficacy of the splice-block gitrl MO persisted for the length of the experimental observation (Fig. 3B) , and established that it induced mis-splicing of exon 1 to exon 3 resulting in a frame-shift and the introduction of a premature stop codon, such that any resulting protein would completely lack the TNF region required for multimerisation and receptor binding (Fig. 3C) . The majority of gitrl morphants showed delayed and abnormal gastrulation, abnormal somitogenesis, abnormal neurogenesis, decreased growth and high mortality. From 70-100% epiboly, morphants had a noticeable developmental lag compared to controls and showed mild perturbations of shape (Fig. 3 E,J) . It was also noticeable that the blastoderm margin in gitrl morphants did not reach its normal full extent by the end of epiboly (Fig. 3J) , and abnormalities were consistently observed by the beginning of segmentation (Fig. 3K) . Anterior somites formed, but lacked clear boundaries (Fig. 3 K,L) , and although posterior somites had clearer boundaries, they failed to form the characteristic chevron shape observed in control embryos (Figs. 3H, M, magnified in Fig.  3 S,T) . The optic primordium appeared late in morphants and remained small and misshapen (Fig. 3 L,M) . Morphants remained consistently smaller and had abnormal yolk extensions (Fig. 3M) .
We noticed that the gitrl morphant embryos had a reduced notochord anlage (data not shown) suggesting possible reduction of cell movements (Kane et al., 1996 , Krens et al., 2008 . To examine this phenotype more closely, we used the molecular markers dlx3 (the edge neural plate marker) and hgg1 (the presumptive hatching gland marker) to compare the gitrl morphant phenotypes to control embryos (Krens et al., 2008) . The neural plate domain was wider in the gitrl morphants, as indicated by the broadened dlx3 expression domain (Fig. 3 U,V gitrl morphants have reduced cell movement during gastrulation. Co-injection of synthetic capped gitrl mRNA was used to demonstrate the specificity of the MO knockdowns and as little as 100 pg of mRNA was sufficient to prevent the morphant phenotype, while control mRNA had no effect (Fig. 4) .
Strain-dependent enhancement of the gitrl morphant phenotype
The initial MO knockdown experiments were carried out on embryos from the wild type AB* zebrafish line. When these experiments were repeated using wild type TL embryos, a more extreme form of the phenotype emerged (Fig. 5) . In both the translation block and splice-site gitrl MO-injected AB* embryos, the blastoderm margin advanced more slowly than in controls and failed to reach its full extent by the end of epiboly (Fig. 5 G-H) . In TL embryos, this became more marked as the embryo contracted in on itself (Fig. 5 J-L) , eventually pinching off a segment of yolk and dying (Fig. 5L) . Sequencing the genomic DNA of ten individual AB* and TL fish embryos from stocks used in our experiments revealed no polymorphisms in the zGL1 target region, suggesting that it is other differences within the genetic background of these two fish lines that ultimately underlie the differential severity of the gitrl-MO-induced morphant phenotype.
Linking Gitrl to the Stat3 signalling pathway during early development
Activation of the Stat3 pathway is required for cell movements in zebrafish embryogenesis (Yamashita et al., 2002) , raising the possibility that the normal function of Gitrl may include the modulation of Stat3 phosphorylation. We assayed for levels of the 
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. Morpholino oligonucleotide knock-down of gitrl during early development. (A)
Embryos injected with increasing amounts of zGL1 (translation block), zGL2 (splicing block) or control MO were scored at 24 hpf for occurrence of a severe mutant phenotype defined by lack of clear somite boundaries and significant shortening of the embryo. The results are shown graphically as a mean percentage of total embryos injected ± SD of three experiments, with a minimum of 50 embryos injected per MO dose per experiment. Both zGL1 and zGL2 were equivalent in mediating the mutant effect which was not observed with control MOs. (B) The efficiency and persistence of the splice-blocking MO zGL2 were confirmed using RT-PCR. Following injection of 10 ng of zGL2, but not control MO, a smaller gitrl amplification product, diagnostic for the absence of exon 2, was obtained. The effect of zGL2 on splicing remained fully effective to at least 18 hpf. (C) To confirm the omission of exon 2, transcripts were cloned from zGL2 and control MO injected embryos and a total of 24 control and 48 zGL2 derived clones sequenced. All of the zGL2 derived clones displayed exon 1-3 splicing. This mis-splicing introduced a frameshift mutation such that the TNF family domain region, underlined, would be replaced by an alternative, tuncated C-terminus, indicated in blue. All of the control clones contained the full-length gitrl sequence. (D-R) Embryos injected with control, zGL2 and zGR1 MOs were compared from early gastrula through late segmentation stages. During gastrulation the blastoderm margin was poorly defined at the shield stage (I) in zGL2 morphants and did not advance to cover the whole of the yolk cell (J). Embryos tended to become mildly deformed during epiboly and the dorsal thickening and ventral thinning that is characteristic of late gastrulation was mispositioned in approximately 50 % of the embryos as indicated by the arrow in (J). In contrast both control (D,E) and zGR1 (N,O) MO-injected embryos remained phenotypically normal during gastrulation. The first somite boundary was clearly delineated in control (arrowhead in (F)) and zGR1 (arrowhead in (P)) but not in zGL2 morphant (K) embryos. Abnormal somite shape, optic primordium and head shape can be seen in (L). By late segmentation, zGL2 MO-injected embryos were significantly shorter with abnormal yolk extensions and abnormally-shaped somites (M). A magnified view of the posterior somites clearly shows the normal chevron shape in controls (S) and the abnormal shape and less-clearly defined boundaries in zGL2 morphants (T). (Equivalent phenotypes were also observed using the zGL1 and zGR2, data not shown). (U) Control or (V) gitrl morphants were probed at the tail-bud stage (10 hpf) using antisense RNA probes specific for hgg1 and dlx3. Double-headed arrows indicate the increased width of the dlx3 expression domain in gitrl morphants relative to control embryos. Data are representative of embryos from at least three independent experiments in which a minimum of thirty embryos per MO per experiment were injected. Co-injection of synthetic capped mRNA and rescue of a normal phenotype was used to confirm that the MO-induced gitrl phenotype was specific and not due to off-target effects. Results with zGL1 (translation block) are shown, although equivalent rescue was also obtained for zGL2 (splice-block). The data are representative of embryos from at least three independent experiments in which a minimum of thirty embryos per MO per experiment were injected.
Fig. 5 (Right). Strain-dependent penetrance of the MO-induced gitrl morphant phenotype. Embryos of the (A-D, I-L) TL and (E-H) AB* strains were injected with 10 ng of either (A-D) control 1 or (E-L) zGL1 MO.
In zGL1-injected AB* embryos advancement of the blastoderm margin was delayed and incomplete (F-H), but these embryos successfully completed epiboly and survived through the segmentation period (see Fig. 3 ). In contrast, zGL1-injected TL embryos could not complete epiboly, and demonstrated a progressive contraction of the embryos around the yolk (J-L). Total protein lysates were generated from embryos injected with 10 ng of control1 (C) or zGL1 (MO) and harvested at 6, 8, 11 and 19 hpf. The lysates were analysed by western blotting using antibodies specific for phosphorylated (P-Stat3) and total (Stat3) Stat3 content. Embryos (AB*) treated with (B-F) DMSO or (G-K) 5 μM of stattic at 2-4 hpf were compared for phenotypic overlap with the gitrl morphant phenotype shown in figure 3 . Stattic-treated embryos displayed incomplete blastoderm margin advancement (arrowhead in (G)) compared to controls (arrowhead in (B)), and indistinct somite boundary formation (H-K) similar to that seen in gitrl morphants.
(L) TL embryos were more sensitive than AB* embryos to Stat3 inhibition. (M) TL embryos treated with a low dose of zGL1 (2.5 ng) were additionally treated with either DMSO or 2 mM of stattic at 2 hpf. Embryos that received low-dose MO plus DMSO were viable, but showed incomplete blastoderm margin advancement at 75 % epiboly, while embryos treated with low-dose zGL1 in addition to treatment with stattic showed a lethal phenotype.
activated, phosphorylated form of Stat3 protein by western blot and observed strong phosphorylation of Stat3 during the first 19 hours of development (Fig. 6A) . Importantly, levels of phosphorylated Stat3 were decreased at all time points in the gitrl morphants. If one function of Gitrl is to modulate Stat3 signalling during embryogenesis, we hypothesised that inhibitors of this pathway might partially phenocopy the gitrl knockdown. As observed in gitrl morphants, treatment of 2-4 hpf embryos with cucurbitacin I (data not shown) or stattic ( Fig. 6 G-K) resulted in delayed and incomplete advancement of the blastoderm margin (Fig. 6G ) and indistinct somite boundaries (Fig. 6 H-K) . We observed evidence of strain differences in response to Stat3 inhibition, with mortality
to increasing concentrations of stattic higher among TL embryos than AB* embryos at both 8 and 11 hpf (Fig. 6L) . Additionally, treatment with stattic increased the severity of the morphant phenotype in TL embryos given low doses of gitrl MO (Fig. 6M) . Although Stat3 is essential for cell movement during gastrulation (Yamashita et al., 2002) , subsequent to gastrulation and somitogenesis Stat3 and gitrl MO-induced morphants display different phenotypes, suggesting that while Gitrl may act upon Stat3 during early embryogenesis, decreased Stat3 signalling cannot fully account for the effects of gitrl knockdown. Stat3 regulates expression of the zinc transporter Liv1, the activity of which in turn regulates nuclear localisation of the zincfinger protein Snail (Yamashita et al., 2004) , which itself represses transcription of the cell adhesion molecule Cdh1 (Cano et al., 2000) . In gitrl morphants, we found normal cdh1 mRNA levels prior to 5 hpf, but observed decreased liv1 expression and increased cdh1 expression between 6 and 19 hpf (Fig. 7A) . We wondered if the gastrulation-related effects of gitrl knockdown were due to increased cdh1, and asked if knocking down cdh1 by MO could at least partially rescue the gitrl MO-induced morphant phenotype (Fig. 7 B-I ). To our surprise, co-injection of both gitrl and cdh1 MOs led to early arrest, with complete failure to begin gastrulation (Fig. 7 D,H) . As cdh1 expression levels in gitrl morphants appeared normal prior to 5 hpf, one possibility is that Gitrl has a Cdh1-dependent function prior to the onset of gastrulation, and only later in development affects the Stat3-Liv1-Cdh1 axis.
Discussion
GITRL and GITR play an important role in the regulation of immune responses in mammals with signalling through GITR increasing resistance to certain tumours and infections, as well as limiting the ability of regulatory cells to suppress the immune response. While Gitr knockout mice are viable, and display altered T cell, inflammatory and anti-microbial responses, we found that loss of GITRL was strain-dependently lethal in early embryogenesis in mice (manuscript in preparation). The optical transparency of developing zebrafish offered a unique opportunity to investigate this embryonic lethal effect further, and we consequently sought to identify zebrafish GITRL and GITR homologues.
Putative gitrl and gitr exons were identified within zebrafish genomic databases by homology and the corresponding fulllength transcripts cloned. Assignment of both genes was supported by phylogenetic clustering of the cloned nucleotide coding regions with well-characterised mammalian homologues. While expression of zebrafish gitr was detected in adult kidney, spleen, thymus and gut, it was not detected during early development, and embryos developed normally in the presence of gitr specific MOs. The gitr gene maps to chromosome 6 on the current zebrafish genome build (assembly Zf7). There is no obvious synteny with mouse or human gitr, however the lack of impact of gitr-targeted MOs and absence of mRNA expression in early embryogenesis are consistent with the viable status of Gitr knockout mice, and the documented role of GITR in controlling the mammalian immune response (Agostini et al., 2005 , Cuzzocrea et al., 2006 , Ronchetti et al., 2002 , Tone et al., 2003 . MOs targeted against gitrl gave rise to a complex developmental phenotype displaying effects on multiple systems. Approximately 15-20% of MOs are known to show off-target effects, which can indeed include somite abnormalities similar to those observed here, however two independent gitrl MOs, one blocking translation and the other blocking splicing, both gave rise to the same developmental phenotype and the gitrl morphant phenotype was specifically rescued by complementation with synthetic capped gitrl, but not control mRNA. Thus the complex morphant phenotype observed here appears to be gitrl-specific and, coupled with the multiphasic and localised expression pattern observed in the first 24 hpf, suggests that zebrafish Gitrl has were assessed by real-time PCR at various time points during gastrulation and segmentation in embryos injected with 10 ng of either control1 or zGL1. Values were normalised to ef1α and levels in zGL1 injected embryos expressed relative to levels detected in control-injected embryos using the ΔΔCt method (ABI Prism 7700 Sequence Detection System, user bulletin no. 2). Mean values ± SD of three independent experiments are shown. Embryos injected with either (B,F) 10 ng of control 1 + 2.5 ng of cdh1 MO control (revcdh1), (C,G) 10 ng of zGL1 + 2.5 ng revcdh1, (D,H) 10 ng of zGL1 + 2.5 ng of cdh1 MO (cdh1) or (E,I) 10 ng of control 1 + 2.5 ng of cdh1 were observed at (B-E) 6 and (F-I) 8 hpf. Embryos treated with control MOs only were indistinguishable from wild-type embryos. Those treated with the zGL1 plus revcdh1 showed the characteristics of gitrl morphants previously described, and embryos injected with cdh1 MO plus control1 resembled the avalanche mutant (Kane et al., 1996) . Surprisingly, embryos co-injected with both gitrl and cdh1 MOs had a novel phenotype characterized by arrest during the blastula period and a complete failure to enter epiboly. The phenotype shown in (D) and (H) persisted until the embryos died at approximately 15 hpf. Although none of the reported TNF or TNFR superfamily members knocked out in mice to date have been associated with an embryonic lethal phenotype, family members have been implicated in development, for example, of the secondary lymphoid system (Fu and Chaplin, 1999) . RANKL has been shown to regulate osteoclastogenesis, in addition to roles in lymph-node organogenesis and lymphocyte development (Kong et al., 1999) , while mutations in EDA have indicated involvement in skin, hair and tooth morphogenesis (Ferguson et al., 1997 , Kere et al., 1996 . We entered into this investigation seeking insight into the embryonic lethal phenotype that we had encountered in the absence of GITRL in mice. Our data now suggest the possible involvement of an alternative receptor, or else a role for reverse signalling through the ligand (Sun and Fink, 2007) . It is not uncommon for TNFSF ligands to bind more than one receptor, however, it has been shown that human and mouse GITRL do not bind to any other currently known mammalian TNFRSF members (Bossen et al., 2006) , and so if there is an alternative GITRL receptor involved in murine embryonic development then it has not yet been identified. The phenomenon of reverse signalling has been described for some TNFSF members and was postulated as a mechanism by which soluble GITR could enhance secretion of matrix metalloproteinase 9 (MMP9) from macrophages, although this effect has more recently been shown to be due to blockade of GITR-induced MMP-9 inhibition (Suvas et al., 2005) . None of the GITRL sequences have the cytoplasmic casein kinase I motif, -SXXS-, that has been associated with reverse signalling (Sun and Fink, 2007) .
We have shown that zebrafish Gitrl influences Stat3 phosphorylation, and raised the possibility that decreased Stat3 phosphorylation in the ligand morphants is responsible for a co-ordinate decrease in liv1 and increase in cdh1 expression, leading to increased cell-cell adhesion affecting cell movement (Yamashita et al., 2004) . This could be sufficient to account for the slow and incomplete nature of gastrulation in the morphants. Nevertheless, our experiments with Stat3 inhibition, as well as published work on stat3 MO effects (Yamashita et al., 2002) , show that decreased Stat3 signalling does not fully account for the observed gitrl morphant phenotype. This suggests that there are other mechanisms of development affected, and the kinetics of gitrl expression, with multiple expression peaks, would imply independent effects at different time-points.
We observed strain dependent differences in the affects of gitrl knockdown in zebrafish. There were no nucleotide polymorphisms in the relevant MO target sequence, eliminating this as an explanation of the difference. There was evidence of differing sensitivity to Stat3 inhibition, raising the possibility that constitutive differences in Stat3 signalling exist between the two test strains. That the effects of Gitrl loss can be enhanced on specific genetic backgrounds offers the possibility of future genetic and small molecule screens to identify modulators of this pathway in early development.
Previous mining of teleost genomes described fourteen distinct TNFSF member genes, but failed to identify clear orthologs of four genes encoding members involved in mammalian T cell activation and homeostasis, namely OX40L, CD27L, CD30L and GITRL (Glenney and Wiens, 2007) . In humans and mice, the GITRL gene is located on chromosome 1, flanked by genes encoding FASL and OX40L. Genes encoding LIGHT, CD27L and 4-1BBL form a separate TNFSF cluster on human chromosome 19/mouse chromosome 17. Here, we assigned zebrafish gitrl based on homology and protein alignment data, which was supported by phylogenetic cluster analysis of nucleotide coding regions (Fig. 1) . We note that this sequence has been placed on the current zebrafish genome build (assembly Zf7) downstream of light, in a position consistent with mammalian 4-1BBL. Interestingly, the gene annotated as zebrafish light did not group with mammalian LIGHT homologues in the nucleotide based phylogenetic analysis shown in Fig. 1C . It did move to the LIGHT grouping when the phylogeny was repeated using protein data (data not shown). The zebrafish Gitrl also moved to group with mammalian 4-1BBL homologues in this analysis; although by pairwise alignment the zebrafish Gitrl shared lower identity with human and mouse 4-1BBL, than the GITRL homologues (13 versus 18 %), and the reverse signalling casein kinase I motif conserved in mammalian 4-1BBL homologues was absent from zebrafish Gitrl (Sun and Fink, 2007) , both features failing to support this alternate gene assignment. Furthermore, while embryonic defects have not been reported in mice lacking 4-1BBL (DeBenedette et al., 1999) , both the absence of GITRL in mice and knockdown of the proposed gitrl in zebrafish generated a strain dependant embryonic lethal phenotype.
In general terms the zebrafish immune system has proved remarkably similar to that of mammals, and is being developed to model human disease (Meeker and Trede, 2008 ). Here we have identified and cloned TNF/TNFRSF members related by homology and phylogenetic analysis to mammalian GITRL and GITR. We have demonstrated a multiphasic pattern of gitrl expression in the first 24 hpf, and that knockdown of this expression gives rise to a complex phenotype to reveal a critical requirement for Gitrl in early embryogenesis, at the very least involved in gastrulation. These effects are mediated prior to the expression of Gitr, its only currently known receptor in mammals. Our studies implicating Gitrl in the control of Stat3 signalling during early zebrafish development provide an initial platform for future studies to determine if Gitrl can also regulate Stat3 signalling in mouse development. In conclusion our data has established that Gitrl, which came to prominence because of its role in regulation of the mammalian immune system, also has a previously unappreciated role in vertebrate embryonic development mediated independently of Gitr.
Materials and Methods
Fish stocks
Adult zebrafish of the AB* and TL strains were maintained on a 14hr/ 10hr light/dark cycle at 28.5°C. Embryos were staged according to (Kimmel et al., 1995) .
Human and mouse GITRL and GITR transcripts were used to query the zebrafish genome using blastn. Putative coding sequences were assembled from the genomic data and full-length coding sequences PCR-amplified and cloned to pGEM-T easy (Promega) using primers: gitrl 5'-TCACTACTGCATCATGTCTCTGT-3' and 5'-TGACTGAGATTTAGCCAAGCTTGATGACA-3', and gitr ACGCATTGGTAATGCACCACAGTG-3' and 5'-AGGAAAGCTGTGGTCACAGCAGT-3'.
Multiple clones were sequenced. Sequence alignments were performed using Jalview 2.4 (Waterhouse et al., 2009 ).
Phylogenetic analysis
Closely related superfamily members were identified using human and mouse GITRL and GITR and the newly identified zebrafish sequences to query the nr database by tblastn. For the ligand, TNFSF5, 7, 10 and 11 were included on the basis of sequence homology, TNFSF4, 6, 9 and 14 by genomic proximity and ectodysplasin and EIGER were also included. For the receptor, TNFRSF4, 5, 9, 11 and 14 were included on the basis of tblastn and TNFRSF6 and 7 to complement the ligand analysis. Species homologues were identified, but only those with synteny information supporting their assignment were included (at least one flanking gene identified). Multiple sequence FASTA files of ligand and receptor nucleotide coding and protein sequences were compiled and analysed using the 'one-click' phylogeny application, at http:// www.phylogeny.fr/ (without GBlock refinement) (Dereeper et al., 2008) .
RNA isolation and real-time PCR
RNA was extracted from adult tissues or whole embryos using the SV Total RNA Isolation System (Promega) and reverse transcribed using the Stratascript First Strand Synthesis System (Stratagene). Real-time PCR was performed as previously described (Nolan et al., 2004) using the following primers and probes: zgitrl primers 5'-CTAATGACATTCACGCCAAACTG-3' and 5'-CAGCTGTCCCTCTCCTTTGATG-3' and probe 5'FAM-TTCCACTGCAGGAGCTCAACATCTGTGT-3'; zgitr primers 5'-GCTGTAAAGCCTGTCCTGCAT-3' and 5'-GAAGGGCATTTCTCACACAGACT-3' and probe 5'FAM-CCTATATCGGCATGTTCACAAGACAGGACA-3'; zef1α primers 5'-CCACGTCGACTCCGGAAA-3' and 5'-CGATTCCACCGCATTTGTAGA-3' and probe 5'VIC-TCCACCACCACCGGCCATCTG-3'; zliv1 primers 5'-GCTGAACGCGCTTACTTTCG -3' and 5'-CAGCAGTGCCAGTGACATCAC -3' and probe 5'FAM-CGTGGACTCCCGGTTGCCAATATG -3'; zcdh1 primers 5'-CTGCTATTGCTTGCTCTTCTTCTG -3' and 5'-CATCATAATAGTAGATGTTGTCCCGTACA -3' and probe 5'FAM-TCCTGCGGAGGAAAAGCAACTCCAA -3'.
For each of three biological replicates, embryos were pooled from timed mating of 8-10 pairs of fish and collected at the indicated time-points over a contiguous period.
In situ hybridisation
Whole-mount in situ hybridisation was carried out as described by (Thisse and Thisse, 2008) . Antisense RNA probes were transcribed from linearised templates using T3, T7, or SP6 RNA polymerases (Promega) in the presence of digoxigenin (DIG)-labelled nucleotides (Roche). DIG was detected using anti-DIG-alkaline phosphatase Fab and BM-Purple (Roche). For the gitrl candidate the probe was synthesised from the fulllength coding sequence. The probe constructs for dlx3 and hgg1 were a kind gift of Jeroen den Hertog (Utrecht, The Netherlands).
Morpholino oligonucleotides (MOs)
Antisense MOs were designed by and obtained from GeneTools (Philomath, OR) zGL1 5'-TTCGGCAGACAGAGACATGATGCAG-3' (translation block); zGL2 5'-TTAAATGGTGACTTACAGTTTGGCG-3' (splice block exon1-exon2); control 1 5'-GACGTAGTACAGAGACAGACGGCTT-3' (reverse of zGL1); control 2 5'-GCGGTTTGACATTCAGTGGTAAATT-3' (reverse of zGL2); zGR1 5'-TGTTCATTCTGTCACTGTGGTGCAT-3' (translation block); and zGR2 5'-GATATAGGATACTCGCCTGTACAAT-3' (splice block exon1-exon2). The antisense splicing-blocking MO for e-cadherin, cdh1, was that described by (Shimizu et al., 2005) : 5 2-AAAGTCTTACCTGAAAAAGAAAAAC-3 2. The reverse sequence was used as control.
Stock solutions, 10 μg/μL of each MO, were prepared in Danieau buffer, and 1 to 15 ng of stock solution, or specified dilutions, injected into 1-4 cell-stage embryos using a Picospritzer II microinjector (Parker Instrumentation). The efficiency of the splice-blocking zGL2 MO was monitored by RT-PCR using the full-length gitrl primers described above. Efficiency of the zGR2 splice-blocking MO could not be determined because gitr could not be amplified from either control or experimental groups in the first two days of development.
Capped mRNA synthesis
Capped, polyadenylated mRNA for zebrafish gitrl and for mouse Tnf (control RNA) was in vitro transcribed from pGEM-T easy plasmids using SP6 or T7 mMessage mMachine kits (Ambion, Austin, TX) and injected into embryos at the one-cell stage. One replicate of the rescue experiment was done blinded to eliminate the possibility of observer bias.
Western blotting
Protein lysates were separated on denaturing SDS-PAGE gels, transferred to a PDVF membrane and probed using anti-zebrafish phosphoStat3 (MBL International), or anti-Stat3 (Santa Cruz) primary, and peroxidase-conjugated secondary antibodies. Antibody binding was detected using ECL solutions (Pierce).
Treatment of embryos with inhibitors
Stock solutions of cucurbitacin I (Calbiochem) or stattic (Calbiochem) dissolved in DMSO were added at the stated concentrations to embryos in 6-well plates. Control embryos were treated with DMSO alone at the same concentrations.
